In Escherichia coli and Bacillus subtilis, long leader sequences are found upstream of the lysC coding sequences which encode lysine-sensitive aspartokinase. Highly conserved regions exist between these sequences. Mutations leading to constitutive expression of the E. coli lysC gene have been localised within these conserved regions, indicating that they participate in the lysine-mediated repression mechanism of lysC expression. z
Introduction
The ¢rst enzymatic step of the branched biosynthetic pathway of amino acids derived from aspartate, namely threonine, methionine, diaminopimelate and lysine, is catalysed by aspartokinases (EC 2.7.2.4). In several microorganisms, isoenzymes are used to catalyse this reaction. These isoenzymes display many homologies of structure and sequence, but their activity and/or their synthesis vary according to di¡erent regulatory ligands (usually one of the end-products). Lysine is one of these regulatory ligands, acting on one aspartokinase, the product of the lysC gene, in Escherichia coli and Bacillus subtilis. Variations of the lysine pool lead to variations of intracellular LysC-speci¢c activity in accordance to a repression phenomenon. For most of the biosynthetic pathways in bacteria, it is now known at the molecular level how the amino acid plays its regulatory role. This is not the case for lysine in the lysC repression phenomenon (for reviews, see [1, 2] ). The sequences of the lysC genes have been established and the transcription initiation site determined for E. coli [3, 4] , B. subtilis [5] and a methylotrophic Bacillus sp. [6] . A leader sequence is found in front of the translation initiation codon of the lysC coding sequences. In all three cases, this leader sequence is unusually long: 300 bases for E. coli, 331 bases for B. subtilis, and 376 bases for Bacillus sp.
Several years ago we isolated spontaneous mutants in E. coli that displayed a lysC constitutive phenotype. In these mutants the synthesis of the lysinesensitive aspartokinase is either less, or not at all sensitive to the repressive e¡ect of lysine. These mutations are cis-dominant on the wild-type allele and were mapped at the lysC locus [7] . During their studies of the lysC gene in B. subtilis, Paulus' group isolated similar mutants with a constitutive phenotype. The corresponding mutations were identi¢ed by sequencing [8, 9] . They were localised in the B. subtilis leader sequence. We decided to see whether an analogous situation is observed in E. coli.
Materials and methods

Strains and plasmids used
GT3 (thrA1016 metLM1005 lysC1004, [10] ) is an E. coli K12 derivative devoid of any aspartokinase activity.
E. coli strains TOC11^TOC21 (lysC1008, lys-1111 to -1121) are cis-dominant lysC constitutive mutants [7] .
Plasmid pRC37, kindly provided by M. Cassan (unpublished), is a pBR322 derivative with a PlysC BamHI-EcoRI fragment that carries the entire LysC coding sequence and its ribosome binding site (RBS) cloned into the corresponding sites of pBR322. This plasmid does not allow lysC expression.
Plasmids pLM12 and pLM72 were constructed in two steps as follows. A 570-bp TaqI-BamHI fragment carrying the promoter and leader regions of lysC (lysCP) was cloned into the AccI-BamHI sites of pUC19, leading to pLM11 (wild-type lysCP) or pLM71 (lysCP-1114) respectively. Then the SphIBamHI fragment of pLM11 or pLM71 that contains lysCP was cloned into the corresponding sites of pRC37, leading to pLM12 (wild-type lysCP sequence) or pLM72 (constitutive lysCP-1114 sequence) respectively. In these constructs the lysCP TaqI-BamHI fragment is fused to the PlysC sequence of pRC37, allowing LysC synthesis.
Determination of aspartokinase activity
Growth of bacteria, preparation of cell-free crude extracts and determination of aspartokinase-speci¢c activity were performed as described in [11] .
PCR ampli¢cation and DNA sequencing
PCR ampli¢cation from chromosomal DNA as a template was performed as described by Me èjean et al. [12] . The converging primers used for ampli¢-cation were 5P-GCGCCAACAGAAAAATGT-3P (starting from position 3171 relative to the transcription start point) and 5P-GTCAAAATCGGC-TACGCTGG-3P (starting from position 360). For direct sequencing of the PCR products, the reaction was performed with Sequenase as previously described [13] .
Results and discussion
A very strong homology was already observed between the two Bacillus lysC leader sequences [6] . We decided to compare the E. coli sequence with the two others. In the ¢rst half of the sequences, large similarities are observed among the three sequences ( Fig.  1 ): 91 identical nucleotides out of 199, taken from position 20 to position 219 in the E. coli sequence, i.e. 45.7% identity. Highly conserved sequences exist in purine-rich regions; see for example bases 28^36 (AGAGGNGCG) and bases 54^61 (TTGGAGNA). Such a highly signi¢cant homology is quite unusual for non-coding sequences belonging to phylogenetically distant species. This raised the possibility of a common regulatory role for these conserved regions.
We decided to determine the precise location of the already identi¢ed mutations leading to a lysC constitutive phenotype in E. coli [7] , in order to know whether they map in the promoter region or in the leader sequence. Using the PCR products obtained after ampli¢cation with speci¢c oligonucleotides (see Section 2), a 531-bp DNA fragment was directly sequenced for the 11 mutants already isolated. The wild-type sequence was determined in parallel as a control and was found to be identical to the one already published [3] . Each mutation occurs only in the leader sequence (Fig. 1) . Except for four strains, identical two by two (TOC11 and 12; TOC20 and 21), each mutation di¡ers from one strain to another. In every case only one change is found when comparing the mutant sequence to the wild-type. The mutations (position 29, 31, 36, 59, 87, 91, 99, 153) are transitions or transversions, except for TOC20-TOC21 which is a 26-bp duplication (residues 191^216). A more thorough examination of the sequences shows that most of the point mutations occur in the highly conserved polypurine regions previously identi¢ed, and guanine is preferentially changed (7 out of 8).
The direct relationship between the identi¢ed mutation and the constitutive phenotype was veri¢ed in one case. Strain GT3, which lacks all three aspartokinases, harbouring either pLM12 (wild-type lysC) or pLM72 (lysC with the leader sequence of TOC14), was grown in minimal medium or in the presence of lysine at high concentration, and LysCspeci¢c activity was determined (Table 1) . It can be seen that, when pLM12 is used, a normal repression pattern is observed, whereas with plasmid pLM72, LysC is expressed at a high level no more sensitive to the lysine-repressive e¡ect. Thus, the constitutive phenotype depends only on the presence of the lys-1114 mutation (from strain TOC14) in the lysC leader sequence.
The constitutive mutations isolated in the B. subtilis lysC gene were also localised in the leader sequence [8, 9] and identi¢ed as base changes (positions 39, 40, 107, 196; two simultaneous changes in one case, positions 146 and 152), except for one deletion (from position 109 to position 121). As seen in Fig.  1 , areas frequently a¡ected are those regions among the three sequences that have been identi¢ed as conserved.
Considering these two observations of large sequence homologies among di¡erent species, and the mapping of constitutive mutations inside these sequences, we propose that this unusually long leader sequence does play a role in the repression regulatory mechanism in E. coli.
An attenuation-type mechanism of regulation was proposed by Paulus et al. [5] , based on the existence of a potential rho-independent transcription termination signal at position 268 (see Fig. 1 ). This hypothesis was recently reinforced by the evidence that, in repression conditions, an mRNA ending at this position can be isolated [14] . A full-length mRNA, carrying the lysC coding sequence, is observed in conditions of derepression as well as in the constitutive mutants. In his previous model [5] , Paulus et al. identify inside the B. subtilis leader sequence and upstream from the transcription termination signal a short potential ORF (24 residues long; GTG initiation codon at position 82) containing four lysine codons. These characteristics are those of a typical attenuation mechanism [15] . Such a model appears di¤cult to reconcile with the homologies we have identi¢ed. Indeed, if a similar transcription termination signal is observed within the two Bacillus sequences, it is not found in the case of E. coli. In this part of the sequence, large variations are found between the two species. However, a rho-dependent termination signal could exist in E. coli. In addition, in each of the three cases, a GUG or AUG potential translation initiation codon is found at the same place (see position 71 in the E. coli sequence). This corresponds to the potential ORF identi¢ed by Paulus et al. [5] , although this ORF is shorter in the case of E. coli and Bacillus sp. (11 and 12 amino acids respectively). Moreover no lysine codon is found inside the E. coli ORF (and only two for the Bacillus sp. one). Therefore, the role of this ORF in a possible attenuation mechanism is highly questionable, as already mentioned by Paulus and colleagues [2, 14] .
As is usually the case for long leader sequences, the secondary structure of the mRNA should play a role in the regulatory mechanism. The existence of a duplication and a deletion among the identi¢ed constitutive mutations supports this hypothesis. Several long inverted repeats have already been observed in each sequence [3, 5, 6 ], but they occur at di¡erent po- Speci¢c activities are expressed in nmol min 3I mg 3I . Repressive conditions were obtained by the addition to the minimal medium of 4 mM L-lysine in the presence of 0.05 mM LL-mesodiaminopimelate, 0.5 mM DL-threonine and 0.5 mM DL-methionine. The mutated lysC leader sequence is from strain TOC14.
sitions in the three leaders. We have analysed the three sequences using the mfold program (htpp:// www.ibc.wustl.edu/Vzuker/rna/from1.cgi). No structures common to all three sequences and implicating the bases modi¢ed in the derepressed mutants were found. More data are clearly necessary to build such models. Original models, involving the binding of tRNA as regulatory molecules on the mRNA, were recently proposed for several enzymes from Bacillus and Lactobacillus ( [16] , see review in [17] ). Unfortunately, the lysC sequences do not contain the consensus sequences established in these cases. That most of the mutations identi¢ed by us and by Paulus lie inside the highly conserved polypurine regions favours the hypothesis that these regions might be binding sites for a yet unknown antiterminator regulatory molecule ( [14] , see review in [18] ). Interestingly, in the case of the trp operon of B. subtilis [19] , the regulatory protein binds at several repeated G/UAG sequences of the mRNA leader. Similarly, the CAGGAUG repeats found in the non-coding csrB RNA are supposed to constitute the binding targets of the CsrA protein (review in [20] ). This can be compared to the multiple GAGg sequences found in the lysC polypurine region. We are currently testing such a hypothesis.
